Abstract Glycolysis is responsible for the conversion of glucose into pyruvate and for supplying reducing power and several metabolites. Fructose-1,6-bisphosphate aldolase (AtFBA1), a central enzyme in the glycolysis pathway, was isolated by functional complementation of the salt-sensitive phenotype of a calcineurin (CaN)-deficient yeast mutant. Under high salinity conditions, aldolase activity and the concentration of NADH were compromised. However, expression of AtFBA1 maintained aldolase activity and the NADH level in yeast cells. AtFBA1 shares a high degree of sequence identity with known class I type aldolases, and its expression was negatively regulated by stress conditions including NaCl. The fusion protein GFP-AtFBA1 was localized in the cytosol of Arabidopsis protoplasts. The seed germination and root elongation of AtFBA1 knock-out plants exhibited sensitivity to ABA and salt stress. These results indicate that AtFBA1 expression and aldolase activity is important for stress tolerance in yeast and plants.
Introduction
In plants, unfavorable environmental conditions such as high salinity and drought result in biochemical, molecular, and physiological changes that adversely affect plant growth and development, and ultimately compromise crop productivity (Skirycz and Inze 2010; Chew and Halliday 2011) . Plants have evolved sophisticated mechanisms to adapt or survive adverse environmental conditions (Chew and Halliday 2011).
The phytohormone abscisic acid (ABA) accumulates under conditions of environmental stress and activates signal transduction pathways (Chew and Halliday 2011) . This leads to a variety of physiological responses including metabolic alterations and the expression of stress-related genes (Wang et al. 2011) . Recently, it was reported that ABI1/PP2C along with the RCAR/PYR1/PYL family of START proteins is able to bind ABA through a gate-latch-lock mechanism in Arabidopsis (Melcher et al. 2009 ). Additionally, it was shown that ABA perception suppresses PP2C-mediated dephosphorylation of SnRKs and permits their activation (Melcher et al. 2009; Park et al. 2009 ). The pyr1/pyl1/pyl2/ pyl4 quadruple mutant shows insensitivity in ABA-induced stomatal closure and ABA-inhibited stomatal opening (Nishimura et al. 2010) . Stress conditions such as high salinity and ABA treatment restrict photosynthesis resulting in energy deprivation and growth retardation (Quan et al. 2010 ). This causes a disruption in the levels of metabolites resulting from normal metabolism (Rao et al. 2010) . Some of these metabolites function as compatible solutes including sugars, low-complexity carbohydrates, and amino acids. Some metabolites, such as sucrose and glucose, function as signal molecules in important regulatory processes (Baier et al. 2004; Cho and Yoo 2011) . In plants, glucose has emerged as a key regulator of many vital processes, including germination, seedling development, and stress responses (Jin et al. 2010; Kushwah et al. 2011) . Arabidopsis HXK1 (AtHXK1) functions as an intracellular glucose sensor. At high glucose concentrations, nuclear AtHXK1 binds glucose and functions as a transcriptional repressor together with VHA-B1, a subunit of the peripheral V1 complex in vacuolar-type H-ATPase, and RPT5B, a subunit of the 19S regulatory particle (Moore et al. 2003; Cho et al. 2006) . This interaction causes the repression of genes involved in photosynthesis (Cho et al. 2006 (Konishi et al. 2004) . Nonetheless, the relationship of aldolase with glycolytic enzymes and stress responses remains to be characterized. Here, AtFBA1 is reported to encode a putative fructose-1,6-bisphosphate aldolase in Arabidopsis. AtFBA1 is able to suppress the salt-sensitive phenotype of cnbΔ cells and plays a role in seed germination and root growth under environmental stress conditions in plants.
Materials and methods

Complementation assay
The AtFBA1 gene was subcloned into pYES2, an expression vector containing the galactose-inducible GAL1 promoter and the URA3 selection marker. The construct was introduced into the YP9 strain (Mata ura3 leu2 his3 trp1 ade2 lys2 cnb1::HIS3), and transformed cells were selected on SD-Uramedium (Shin et al. 2004 ). The transformants were grown in SD-Ura-medium overnight. Aliquots (2 μl) from an exponentially growing cell culture (O.D. 600 =0.1) were serial diluted (1:10, 1:100, 1:1000) and spotted onto YPGal plates containing NaCl (1.1 M), LiCl (100 mM), KCl (1.4 M) and sorbitol (1.5 M). Colonies were examined after 4 days of growth at 30℃.
Enzyme assay, kinetics, and determination of NADH levels Yeast cells were grown to a density of O.D.600=0.1 in YPD medium. AtFBA1 expression was examined in cells that had been washed in sterile water and resuspended in YPGal medium for 18-20 hours. The cells were collected by centrifugation at 3000 rpm for 10 min. Cells were washed twice with lysis buffer, resuspended in 1/10 culture volume of lysis buffer, and ruptured with glass beads. The supernatant (50 μg protein) was precipitated with 10% TCA to estimate the aldolase activity and NADH level. An aldolase cleavage assay was performed by monitoring NADH oxidation at 340 nm and 22℃ through a coupled assay system with triosephosphate isomerase and glycerol-3-phosphate dehydrogenase. NADH was detected using a Genesys 10uv spectrophotometer (Thermo Spectronic, USA). The reaction was initiated by adding total protein from the transformants harboring the AtFBA1 construct or the vector alone.
Northern blot analysis Two-week-old Arabidopsis seedlings were treated with NaCl (100 mM), ABA (10 μM), or cold (4℃) for the times indicated (0, 0.5, 1, 3, 6, and 12 hours). Total RNA was isolated, and 20 μg was separated in a 1.5% formaldehyde agarose gel and transferred to a charged membrane. After transfer, the RNA was UV cross-linked to the membrane and used for northern blot analysis. Hybridization and washing was conducted according to a published protocol (Shin et al. 2011) . The full-length AtFBA1 gene was used as a probe.
In vivo targeting of AtFBA1 in Arabidopsis protoplasts
AtFBA1 cDNA was inserted into the p326-sGFP plasmid to create chimeric GFP-fusion constructs controlled by the 35S promoter. The plasmid was introduced into Arabidopsis protoplasts that had been prepared from leaf tissues by
